Comparative bioassays of two chloronicotinyl insecticides, acetamiprid and imidacloprid, against the whitefly Bemisia tabaci (Gennadius), using foliar and systemic applications, were conducted under laboratory conditions and in field trials. Under controlled conditions, the ovicidal activity of foliar applications of acetamiprid on cotton seedlings was much higher than that of imidacloprid. According to LC50 and LC90 values, acetamiprid was 10-and 18-fold more potent than imidacloprid. Both compounds were effective when applied to soil against whitefly adults; however, the potency of imidacloprid was somewhat higher than that of acetamiprid 2, 7 and 14 days after application; resulting (with the concentration of 25 ml a.i./l) in adult mortality of 90, 93, and 96% and 76, 84, and 76% respectively. In an experimental cotton field, the efficacy of foliar applications of 60 g a.i./ha acetamiprid and 210 g a.i./ha imidacloprid was compared. Field residual activity of acetamiprid to whitefly adults lasted for approximately ten days, compared with three days for imidacloprid.
Introduction
The nicotinyl insecticides represent a class of chemicals, nicotine mimics, in which the biochemical target is the nicotinic acetylcholine receptor (nAChR) in the central and peripheral nervous systems (Bai et al., 1991) . As with nicotine, binding to these receptors results in excitation and paralysis, followed by death. The structure-activity relationships based on insecticidal activity and binding affinity to the receptor are summarized by Tomizawa & Yamamoto (1993) , Liu & Casida (1993) and Yamamoto et al. (1995) .
The chloronicotinyl insecticides, two of which are imidacloprid and acetamiprid, have a broad insecticidal spectrum, excellent systemic and translaminar properties, and high residual activity (Elbert et al., 1990; Takahashi et al., 1992) . Imidacloprid is widely used as a seed dressing and for soil application. However, it is because of their systemic and translaminar properties that chloronicotinyl insecticides are particularly effective in controlling sucking pests such as aphids, leafhoppers and whiteflies.
The cotton (or sweetpotato) whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a cosmopolitan pest of many field and greenhouse crops (Byrne & Bellows, 1991) and is considered a limiting factor for the production of some vegetables (especially tomatoes) and ornamentals (Byrne et al., 1990; Cohen, 1990) . Consequently, chemical control has been used extensively in B. tabaci management (Horowitz & Ishaaya, 1996) . However, because of increasing selection pressure from insecticides, B. tabaci has developed resistance to all major chemical groups (Denholm et al., 1996) , and is starting to develop resistance to some of the newer insecticides such as buprofezin (Cahill et al., 1996a) , pyriproxyfen , and imidacloprid (Cahill et al., 1996b; Prabhaker et al., 1997) . Hence, it is of utmost importance to develop new or non-conventional groups of insecticides to combat highly resistant insect pests like B. tabaci, and to conserve their efficacy by applying insecticide resistance management (IRM) strategies such as those described by and Dennehy & Williams (1997) .
This article evaluates and compares the effect of systemic and foliar applied acetamiprid and imidacloprid against the whitefly, B. tabaci, in the laboratory and the field.
Materials and methods

Insects
Bemisia tabaci, originally collected from cotton fields during the 1987 season, were reared on cotton seedlings, Gossypium hirsutum L. var. 'Acala' SJ2, under standard conditions of 26 2 1°C, 60% r.h., and a photoperiod of 14:10 (L:D) h. Since being collected, this population was isolated and not treated with any insecticides. These whiteflies, susceptible to insecticides of many classes, were designated the 'S' strain, and were used in all the bioassays.
Another strain ('pyri-R'), collected from greenhouse roses in 1992, was found to be highly resistant to pyriproxyfen (>1000-fold resistance to pyriproxyfen, . This colony was maintained on cotton seedlings as described above, but under pyriproxyfen insecticide pressure in the laboratory (Ishaaya & Horowitz, 1995) . The 'pyri-R' strain was also tested against acetamiprid and imidacloprid.
Chemicals
The following formulations were used: acetamiprid ('Mospilan' 20 SP, 200 g/kg soluble powder, Nippon Soda Co., Japan) obtained from Agan Chemicals, Ashdod, Israel; and imidacloprid ('Confidor' 35 SC, 350 g ai./l suspension concentrate, Bayer AG, Leverkusen, Germany) obtained from Lidor Chemicals, Ramat Ha-Sharon, Israel.
Bioassays Foliar application
Cotton seedlings (20-25 cm tall, with four 'true' leaves) were dipped for 20 s in various concentrations of the formulated compounds, or in deionized water (control). Each bioassay was done with at least five concentrations, each with five to ten replicates. The treated cotton seedlings were then allowed to air dry for 3 h. For each replicate, at each concentration, 15 B. tabaci females were confined in leaf clip-on cages (Melamed-Madjar et al., 1984) , exposed to treated cotton seedlings for 48 h, and kept under controlled room conditions of 26 2 1°C, 60% r.h., and a photoperiod of 14:10 h (L:D). Adult mortality and number of eggs laid were recorded after leaf cages were removed. Egg hatch was recorded 8-10 days after treatment and pupation rate was determined approximately three weeks after treatment.
In another trial, the effect of the insecticides on 0-1-day-old eggs and first instar B. tabaci was evaluated by dipping (as described above) cotton seedlings infested with these stages in various concentrations of acetamiprid or imidacloprid. The mortality for each immature assay was determined approximately 10 days after treatment and at the pupation stage. Bioassays on each insecticide concentration were repeated five times with 20-80 individuals per replicate.
Translaminar application
Leaves of cotton seedlings (as described above) were treated with a paint brush on only their upper surface with various concentrations of acetamiprid or imidacloprid. Whitefly adults were kept in leaf clip-on cages and exposed for 48 h to the untreated lower surface of the leaves. Data were the average of five replicates of 15-20 adults females each. Adult mortality and number of eggs laid were recorded after leaf cages were removed. Egg hatch was recorded 8-10 days after treatment, and pupation rate was determined approximately three weeks after treatment.
Systemic application
Soil of each potted cotton seedling was drenched with concentrations of acetamiprid or imidacloprid, then kept Table 1 . Comparative toxicity of foliar application of acetamiprid and imidacloprid on adult mortality and subsequent progeny formation of Bemisia tabaci.
Compound and
Adult mortality, under standard controlled room conditions (as described above). The soil for all tests (250 ml volume) was prepared from equal parts of sandy brown soil and peat. Aqueous solutions of 25 ml containing 0, 1, 5 and 25 mg a.i./l acetamiprid or imidacloprid were applied to the soil. The residual effect was observed 1, 2, 7, 14 and 21 days after application. Whitefly females (five replicates of 15 females each) were kept in leaf clip-on cages and exposed to the treated seedlings for 48 h, after which mortality was determined.
Field trials
This study was conducted during the 1995 cotton-growing season in experimental plots in a 0.4 ha 'Acala' SJ2 field, at Bet Dagan (central Israel). The experiment was a randomized block design with four replicates of each treatment, each 6 × 8 m. The plots were sprayed on 20 August with acetamiprid (60 g a.i./ha) or imidacloprid (210 g a.i./ha) at a rate of 500 l/ha, using a motorized backpack sprayer.
The effects of the treatments on B. tabaci nymphal and adult populations were estimated in the field by sampling the populations up to 24 days after treatment.
Sampling methods
Forty plants per treatment were sampled at random by removing the most heavily infested leaf on the main stem; the third instar nymphs and pupae were counted under a stereo-microscope in the laboratory. Because of non-random distribution of the immature stages within the cotton plants, it was found that this sampling method gave the best results (Horowitz, 1993) . The adult whitefly populations in the field were estimated by counting the whiteflies trapped on 15 × 20 cm yellow sticky cards (one trap for each replicate) that were placed horizontally on the ground in the centre of each plot. Traps were exposed for 3 h, from 09:00 to 12:00, on the sampling dates (Horowitz, 1993) . Estimates of the whitefly populations were made on days 0, 3, 10, 17, and 24 after application.
Field activity
The residual activity of the compounds in the field was tested by randomly collecting eight cotton branches with leaves from each plot, on days 1, 3, 10, 17, and 24 after treatment. In the laboratory, under standard controlled room conditions, one leaf from each branch was exposed to 15 B. tabaci adult females in a leaf clip-on cage for 48 h, after which mortality was determined.
Effects on pyriproxyfen-resistant strain
Cotton seedlings (as described above) were dipped for 20 s in five concentrations of acetamiprid, or in deionized water (control). The treated cotton seedlings were then allowed to air dry for 3 h. To test imidacloprid, solutions were applied to the soil as described above and held for 48 h before exposure to whiteflies. Adult females from the pyriproxyfen-resistant and susceptible colony of B. tabaci were confined in leaf clip-on cages (15 per cage) and exposed for 48 h to treated seedlings. Log-probit concentration data along with LC50 and LC90 values were then determined. Each assay was replicated five times. Within columns, means followed by the same letter do not differ significantly at P = 0.05. 
Statistical analysis
All data are presented as mean 2 SE of at least five replicates or as stated. Treatments were subjected to one-way analysis of variance (ANOVA) and means were separated by Student-Newman-Keuls multiple range test (P = 0.05). Percentage data were transformed (angular transformation) before statistical analysis. Probit regressions were estimated with POLO-PC (LeOra Software, 1987) . Failure of 95% C.L. to overlap at a particular lethal concentration indicated significant difference.
Results
Foliar application
The effects of the two chloronicotinyl insecticides on adult mortality, total number of eggs laid, and pupation (based on the total number of eggs laid) are presented in table 1. Imidacloprid was slightly more effective on whitefly adults. Neither chloronicotinyl insecticide caused immediate knockdown, and female whiteflies were observed to oviposit before dying. The number of eggs laid was divided by the number of females, to determine the overall effect of the insecticides on oviposition. The ensuing whitefly nymphs were much more sensitive to acetamiprid, which at 0.5 and 4 mg a.i./l caused 46% and 0% pupation, respectively, as compared with 83% and 80% pupation with imidacloprid at the same concentrations (table 1). When summarizing the effects of directly treating B. tabaci developmental stages (table 2), both insecticides caused approximately similar mortality on first instar nymphs. Adults, however, were slightly more sensitive to imidacloprid than acetamiprid, resulting in LC50 of 0.7 and 1.6 mg a.i./l, and LC90 of 4.5 and 12.8 mg a.i./l, respectively. Insecticide treated whitefly eggs were more sensitive to acetamiprid than imidacloprid, resulting in LC50 of 0.2 and 1.9 mg a.i./l (c. 10-fold more potent), and LC90 of 0.7 and 12.8 mg a.i./l (18-fold), respectively.
Translaminar application
As was found with the foliar application, both compounds had similar translaminar activity on whitefly adults and fecundity (table 3) . However, acetamiprid showed a relatively strong effect on the nymphal (mostly first instar) stage, resulting at 50 mg a.i./l in 2% pupation; while imidacloprid had no appreciable effect in all the concentrations tested up to 50 mg a.i./l (table 3) .
Systemic application
The comparative toxicity of the insecticides on adults after soil application (systemic effect) is summarized in table 4. For both insecticides, the maximum effect was achieved on the second day after application (of 25 mg a.i./l) and remained approximately the same until the end of the experiment. Lower application concentrations (1 or 5 mg a.i./l) attained maximal effect on the 7th to 14th day after application. Both compounds showed less effectiveness on days 1 and 21 after the soil application.
Field trials
Although the whitefly population level was relatively low, acetamiprid was more effective than imidacloprid in reducing the nymphal whitefly population ( fig. 1 ). Significant differences in nymphal populations were found starting from 10 days after application; however, the overall nymphal populations decreased, apparently because of natural enemies which were in the field. A statistically significant reduction in the number of trapped adult whiteflies, caused by both compounds, was seen on days 3 and 10 after treatment ( fig. 1) .
The residual activity of acetamiprid on the whitefly adults was higher than imidacloprid with 96% mortality after 3 days and 60% mortality 17 days after treatment ( fig. 2) . The imidacloprid foliar treatment was inferior and gave 76, 56 and 25% mortality on days 3, 10 and 17, respectively.
Effects on pyriproxyfen-resistant strain
Probit analysis fit the data well. According to LC50 and LC90 values (table 5) , the 'pyri-R' strain was approximately 2-3-fold more susceptible to acetamiprid, and 2-4-fold more susceptible to imidacloprid as compared with the 'S' strain. The LC50 confidence limits (C.L.) for imidacloprid treatment of 'pyri-R' and 'S' stains did not overlap, indicating significant differences between the strains. However this was not borne out by the LC90 data suggesting that the differences observed at the LC50 are only apparent and not real. These results indicate that there is no cross resistance between pyriproxyfen and both chloronicotinyls.
Discussion
Our laboratory studies showed that acetamiprid has a higher ovicidal activity against B. tabaci both by direct application (table 2) and as a residual (eggs laid on pre-treated leaves, table 1), compared with imidacloprid. Further, significantly fewer eggs from acetamiprid-treated adults reached pupation than from imidacloprid-treated adults (table 1) .
Results of translaminar studies were similar to the foliar studies. Both compounds had an effect on adult mortality and egg production; however, surviving eggs from acetamiprid-treated adults exhibited significantly lower pupation rates than those from imidacloprid-treated adults (table 3) . These conclusions were substantiated by field trials in which acetamiprid had significantly higher foliar activity. These results show that acetamiprid is more persistent on cotton leaves than imidacloprid when used as a foliar application.
While acetamiprid had higher foliar activity, imidacloprid was shown to have somewhat higher systemic efficacy against adults in laboratory tests. The residual efficacy from soil application showed that imidacloprid was slightly more potent, especially with the higher concentrations, on days 7 and 14 after application. Because of these differences in activity, these two insecticides should not be used interchangeably; imidacloprid is appropriate for seed and soil application (or for foliar application with a short residual effect) while acetamiprid is more effective when applied to foliage. Although we are not aware of cross resistance problems having been detected between imidacloprid and acetamiprid, the possibility exists (cf. Nauen et al., 1996) because they are in the same chemical class. Thus, after soil application of imidacloprid or foliar application with acetamiprid, insecticides with a different chemical class should be applied .
Various assays have been suggested for testing the systemic effects of chloronicotinyl insecticides, especially imidacloprid. Prabhaker et al. (1997) used a hydroponic bioassay technique and Cahill et al. (1996b) suggested a simple testing method of immersing the stem of detached cotton leaves in aqueous concentrations of imidacloprid. To better mimic field exposure, we established a bioassay for comparing the systemic effects of these compounds by application to the soil of potted plants. Our bioassay was repeatable and sensitive enough to observe differences in efficacy between both insecticides, and it is suitable for detection of potential resistance development in the field. The results of our bioassay are similar to the results obtained by Cahill et al. (1996b) with susceptible Bemisia strains. Our results differ from the Prabhaker et al. (1997) results, but since their susceptible Bemisia strain and trial conditions were different, accurate comparisons could not be made.
It is well known that populations of B. tabaci are resistant to organophosphorus and pyrethroid insecticides (Cahill et al., 1995) as well as newer compounds Cahill et al., 1996a; Denholm et al., 1996) . It is for this reason that once an efficacious insecticide has been found, such as acetamiprid or imidacloprid, its potency should be maintained through appropriate use in insecticide resistance management (IRM) programmes.
